Evolutionary changes of phosphoenolpyruvate transporter (PPT) during the 1 emergence of C4 photosynthesis 2
So far, compared to the relatively intense study of the evolution of C4 shuttle enzymes, 85 the evolution of metabolite transporters is less studied. Compared to C3 photosynthesis, 86 the extensive usage of transporters is a major feature of C4 photosynthesis (Weber and 87 von Caemmerer, 2010) . In fact, to produce one molecule of triose phosphate for the 88 synthesis of sucrose, only one transporter is needed in C3 photosynthesis, while at least 89 30 metabolite transport steps are involved in NADP-ME type C4 photosynthesis (Weber 90 and von Caemmerer, 2010) . Furthermore, the flux through the transporters is much 91 higher in C4 photosynthesis. This is because different from C3 photosynthesis, where the 92 end-product of photosynthesis, i.e. triose phosphate (TP), is exported as one unit, i.e. the 93 flux through triose phosphate transporter is 1/3 of the photosynthetic CO2 uptake rate, 94 during the operation of C4 photosynthesis, the flux of the metabolite transport between 95 different compartments is higher than the photosynthetic CO2 uptake rate due to the 96 leakage of CO2 from BSC to MC. This, together with the typically higher photosynthetic 97 CO2 uptake rate in C4 leaves compared to C3 leaves, C4 photosynthesis demands a much 98 higher capacity for metabolite transport between the two compartments (Hatch and 99 Osmond, 1976; von Caemmerer and Furbank, 2003) . Indeed, a number of transporters on 100 chloroplast envelope, including PEP transporter (PPT), pyruvate transporter (BASS2), 101 and malate transporter in MC (DIT1), all show much higher transcript abundance in C4 102 species than in C3 species (Emms et al., 2016; Lyu et al., 2018; Moreno-Villena et al., 103 2018) . Identifying the C4 paralogs of individual metabolite transporters, understanding 104 their evolutionary trajectories and the molecular mechanisms behind the increased 105 abundance or capacity of these transporters are major research focuses of the current C4 106 photosynthesis research. 107
In this study, we aim to characterize the evolutionary changes of the transporter of 108 PEP (PPT), a critical metabolite transporter involved in C4 photosynthesis as PEP is the 109 substrate for PEPC and its carboxylation underlies the first step of the C4 acid formation 110 in C4 photosynthesis. We first constructed phylogenetic tree of PPT orthologs and showed 111 that PPT1 is the ancestral copy while the PPT2 is the derived copy. We recapitulated that 112 PPT1, the version recruited to operate in C4 photosynthesis, showed increased transcript 113 abundance, shifted its cell specificity of expression from root to leaf, and from BSC to 114 MC. We further showed that PPT1 gained more rapid and long-lasting responses to light 115 in C4 as compared to the closely related C3 species. We further predicted a set of 116 candidate cis-elements that are potentially responsible for these newly acquired 117 expression features of PPT1 in C4 photosynthesis. Finally, we identified amino acid 118 modifications during the C3 to C4 transition in Flaveria and thus suggested that the PPT1 119 in C4 species is a bi-directional transporter using transgenetic experiments. All these 120 findings are discussed in light of the role of PPT in coping with stresses plant faced 121 during the evolution from C3 to C4 photosynthesis. 122 123
Materials and Methods 124

Construction of the PPT phylogenetic tree 125
To construct the phylogenetic tree of PPT, we used protein sequences from 23 species, 126 which included representative species along the phylogeny of viridiplantae, spanning 127 from basal species belonging to Chlorophyte (Micromonas.pusilla and Chlamydomonas 128 reihardtii), to Embryophyte (Marchantia.polymorpha), to Tracheophyte 129 (Selaginella.moellendorfii), and to species belonging to Angiosperm (Amborella 130 trichopoda), including 10 species belonging to eudicot and 8 species belonging to 131 monocot ( Fig. 1) . For the eudicot, we included 6 species of Brasssicadeae; in the 132 monocot, we included 7 species belong to the grass family ( Fig. 1) . 133
The genome-wide protein sequences of these 23 species were downloaded from 134 Phytozome (http://phytozome.jgi.doe.gov/). We used the protein sequences of PPT1 135 (AT5G33320) and PPT2 (AT3G01550) from Arabidopsis thaliana (Arabidopsis) as query 136 sequences to search orthologs in other 22 species using the blastp algorithm in BLAST+ 137 (v2.2.31) package (Camacho et al., 2009) , with a threshold of blast score >= 250 and 138 evalue <1E-5. All orthologs sequences were then aligned using MUSCLE (Edgar, 2004 ) 139 with default parameters. Gene trees were constructed using the RAXML software 140 (Stamatakis, 2006) based on protein sequence alignment using the PROTGAMMAILG 141 model. The robustness of the tree topology was evaluated by bootstrap scores, which was 142 calculated from 1000 independently constructed gene trees. 143
Surveying the transcript abundance of PPTs from published RNA-SEQ data 145
Since the transcript abundance and expression location can provide insights for the 146 function of a gene, we further compared the transcript abundance of PPT1 and PPT2 147 among different photosynthetic types of species, and their expression patterns in tissues 148 and cell types using publicly available RNA-SEQ data. We surveyed RNA-SEQ data 149 from four independent C4 lineages, namely: Heliotropium, Mollugo, Neurachne and 150
Flaveria available from 1KP (http://www.onekp.com/blast.html). The RNA-SEQ source 151 and quantification process were documented in our previous work (Lyu et al., 2018) . 152
When comparing transcript abundance of PPTs in roots and leaves from C3 and C4 153 species, we surveyed RNA-SEQ data from two Flaveria species (Lyu et al., 2018) , two 154
Brassicacae species (G. gyanndara and T. hassleriana) (Kulahoglu et al., 2014) , and 21 155 species in the grass family (Moreno-Villena et al., 2018) . We also compared the transcript 156 abundance of PPTs in BSC and whole leaf or MC in both C3 species and C4 species. 157
Specifically, transcript data of PPTs in BSC and whole leaf of Arabidopsis were from 158 (Aubry et al., 2014) , and transcript data in BSC and MC of maize were from (Denton et 159 al., 2017; Li et al., 2010; Tausta et al., 2014) , and those of G. gynandra were from 160 (Chang et al., 2012) , and those of S. virids were from (John et al., 2014) and those of P. 161 virgatum were from (Rao et al., 2016) . The photosynthetic type and abbreviation of 162 species were listed in Table S1 . responses to illumination, one-month old plants were put to dark at 6 pm. The dark-173 adapted plants were illuminated on 9:30 am the next day. A fully expanded leaf, usually 174 the 2 nd leaf pair or the 3 rd leaf pair counted from the top, were cut and quickly put to 175 liquid nitrogen after the leaf was illuminated for 0.5h, 2h and four 4h respectively. Leaf 176 samples were stored in -80 °C before processing. 177
RNA was extracted following the protocol of the PureLInk TM RNA Mini 178 (ThermoFisher Scientific). For qRT-PCR, 0.2-0.5 μg RNA was incubated with 179 Superscript II Reverse Transcriptase (TransGen Biotech, Beijing). qRT-PCR was 180 conducted following the manufacturer's instructions of the kit UNICONTM qPCR SYBR 181
Green Master Mix (YEASEM, Shanghai). cDNA, buffer and enzyme were pipetted to the 182
Hard-Shell PCR Plates 96-well (BIO-RAD), and covered by Microseal 'B' seal (Bio-183 Rad). qRT-PCR was run in the BIO-RAD CFX connect system. Relative transcript 184 abundance was calculated by comparing to ACTIN7 and data was processed using BIO-185 RAD CFX Maestro software. For each gene, three technical and three biological 186 replicates were performed. The primers used here are listed in Table S2 . 187
The promoter sequence of PPT1 and PPT2 from four species, namely, F. robusta, F. 188 sonorensis, F. ramosissima and F. trinvervia were referenced from the draft genome 189 sequence of the four species (unpublished), and verified by sequencing. The primers used 190 here were listed in Table S2 . 191
192
Protein sequences of PPT1 and PPT2 193
The protein sequences of PPT1 and PPT2 in species from the Flaveria genus were 194 predicted based on transcript sequence as described in (Lyu et al., 2018) . Protein 195 sequences of orthologs were aligned using the tool MUSCLE (Edgar, 2004) . We further 196 identified consistent amino acid modifications between C3 and C4 species, which were 197 defined as sites that show difference between C3 and C4 species, but they are conserved 198 within C3 species and also conserved within C4 species. These identified consistent 199 modifications were mapped to the phylogenetic tree of Flaveria (Lyu et al., 2015) to 200 identify the evolutionary stage of their appearance during C4 evolution in the Flaveria 201 genus. With the protein sequence information, we also predicted the 3-D protein structure 202 of PPT1 of Flaveria species using the I-TASSER online server (Yang and Zhang, 2015) . 203
Positive selection test was performed using PAML package (V4.8) (Yang, 2007) 204 following (Huang et al., 2017) . To investigate the copy number of 13-aa elements in 205 Flaveria species, DNA was extracted from the 2 nd pair or 3 rd pair of leaf counted from the 206 top following the protocol of TIANquick Midi Purificatioin kit (TIANGEN Biotech, 207 Beijing). The primers were listed in Table S2 . 208 209
Subcellular localization of Flaveria PPT1 and PPT2 210
To determine the subcellular localization of PPT1 and PPT2 from Flaveria species, we 211 The Arabidopsis PPT1 mutant cue1-5, which is an EMS mutant harboring R81C 232 mutation in PPT1, was ordered from NASC (Stock Number N3156). Then, we introduced 233 different Flaveria PPT1-GFP driven by 35S promoter into cue1-5 mutant via 234 Agrobacterium-mediated floral dipping method. Agrobacteria transformed with the 235 binary plasmids were cultured in Luria-Bertani media at 28°C, pelleted and re-suspended 236 in transformation buffer (50 g sucrose, 2.2 g Murashige and Skoog powder, 200 μL silwet 237 L-77, and 10 μL 6-BA for 1L, pH 5.8 to 6.0) to OD600 ~1.0. The Arabidopsis flowers 238 were dipped in bacteria and kept for 5 min, and then the plants were put under dark for 239 overnight. The floral dipping process was repeated once more one week later. After 240 maturation, the seeds were collected and screened on ½ MS agar plates containing 241 hygromycin at a concentration of 35 mg/L. The positive T1 transformants were 242 transferred to soil. The T2 lines were used for morphological phenotypes. The plants were 243 grown in a growth-chamber with a long-day condition (16 light /8 dark), PPFD of ~100 244 μmol· m -2 ·s -1 , and temperature cycle of 23 o C during the day and 21°C at night. 245
Results 247
The evolutionary origin of PPT in the viridiplantae 248
PPT is a transporter of PEP (Knappe et al., 2003) , while PEP is involved in a number 249 of metabolic pathways in higher plants. Figure 1 A shows the reactions that PEP is either 250 a substrate or product in a typical NADP-ME type C4 leaf ( Fig. 1A) . Specifically, PEP is 251 the substrate of PEPC and its carboxylation represents the first step of the CO2 fixation in 252 C4 photosynthesis. PEP is also involved in the shikimate pathway in chloroplast, which 253 generates aromatic amino acid and secondary metabolites (Fischer et al., 1997; Herrmann 254 and Weaver, 1999) . Given that BSC contains chloroplasts in C4 plants (Stata et al., 2016) , 255
shikimate pathway is expected to present in both MC and BSC. Moreover, PEP is also a 256 substrate of citric acid cycle in mitochondria (Krebs, 1982) . Recent report shows that PEP 257 is involved in nitrogen recycling from xylem (Bailey and Leegood, 2016) and nitrogen 258 mobilization from aging leaves (Taylor et al., 2010) . 259
To investigate the evolution of PPT in the viridiplantae, we constructed a phylogenetic 260 tree for PPT orthologs from 23 species with genome sequences available from the 261 Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html), which were selected 262 to represent the major branching points of the viridiplantae phylogeny. The gene tree 263
shows that there are two paralogs of PPT in most species with one being ortholog of 264 Arabidopsis PPT1 and another being the ortholog of Arabidopsis PPT2 (Fig. 1B) . The 265 gene tree shows that PPT1 is the ancestral copy and PPT2 is the derived one. PPT1 is the 266 original copy ever since Chlorophyte, whereas PPT2 is the latecomer, which was 267 originated after the split of Amborella trichopoda from other angiosperm species (Fig.  268   1C) . Interestingly, there is one or two copies of PPT1 and single copy of PPT2 in dicot 269 species, whereas around two or three copies of PPT1 and one or two copies of PPT2 in 270 grass species; which is consistent with an extra whole genome duplication (WGD) event 271
in monocot species (Jiao et al., 2014) . Therefore, the ancestral PPT1, after gene 272 duplication, gained extra copies, which might have facilitated neofunctionalization to 273 support new functions in C4 photosynthesis. 274
275
The evolution of PPTs in transcription along the emergence of C4 species 276
We further compared the functional difference between PPT1 and PPT2. First, we 277 examined the transcript abundance of PPT1 and PPT2 in a few sets of species which are 278 evolutionarily closely related but have different photosynthetic types. These species are 279 from four genera with each representing an independent C4 lineage. Among these four 280 genera, three of them were from dicot, i.e. Flaveria, Heliotropium, Mollugo, and one 281 from monocot, i.e. Neurachne. The transcript abundance data for these species are shown 282 in Fig. 2A . The RNA-SEQ data for the Flaveria species are from the 1,000 Plants project 283 (1KP) (Matasci et al., 2014) and (Mallmann et al., 2014) , both of which are from leaf 284 samples, and have been demonstrated to be comparable (Lyu et al., 2018) . RNA-SEQ 285 data for other three genera are from 1KP (Matasci et al., 2014) . In the analysis, data for 286 mature leaves were used. The comparison shows that in C3 species, though PPT1 is an 287 ancestral paralog, the PPT2 displays higher transcript abundance than the original copy 288 except in the two C3 species in the Heliotropiumi genus, namely, H. calcicola (Hcal) and 289 H. karwinsky (Hkar). The higher expression of PPT2 over PPT1 is also shown in C3-C4 290 species of Mollugo and Neurachne, as well as in C3-C4 species in Heliotropium: H. 291 filiforme (Hfil) and Flaveria: F. sononrensis (Fson). During the transition from C3 to C4 292 photosynthesis, however, we observed a dramatic increase of transcript abundance in 293 PPT1 while the transcript abundance of PPT2 remained relatively less changed ( Fig. 2  294 A). As a result, in C4 species, PPT1 showed much higher expression abundance compared 295 to PPT2 (Fig. 2 A) . 296
We then investigated whether the observed increase of transcript abundance for PPT1 297 is leaf-specific. To do this, we compared the transcript abundance of PPT1 and PPT2 in 298 both root and leaf tissues in closely related C3 and C4 species using public RNA-SEQ 299
data (Kulahoglu et al., 2014; Moreno-Villena et al., 2018) (Fig. 2 B) . In leaf, PPT1 300 showed transcript abundance similar to PPT2 in C3 species but much higher transcript 301 abundance than that of PPT2 in C4 species (Fig. 2B ). However, the expression patterns of 302
PPTs were drastically different in root. For the C3 dicot species, PPT1 usually showed 303 higher transcript abundance than PPT2, the same pattern was found in most C3 species of 304 monocot with Lasiacis sorghoidea (Lsor) an exception. In C4 monocot species, PPT1 305 showed no consistently higher expression abundance than PPT2 in root. Furthermore, the 306 PPT expression levels in root were generally lower in C4 as compared to that in C3 307 species (Fig. 2 B) . 308
After examining the evolutionary changes of tissue specificity of PPTs at the 309 transcriptional level, we further investigated the cellular specificity of PPT expression. 310
Specifically, we compared the transcript abundance of PPT1 and PPT2 in BSC and whole 311 leaf in one C3 species and that of BSC and MC in four C4 species (Fig. 2 C) . RNA-SEQ 312 data from transcript residency on ribosome (Aubry et al., 2014) show that PPT1 had 313 higher expression level in BSC than in the whole leaf in Arabidopsis, whereas PPT2 314 displayed the opposite pattern, which is consistent with earlier histochemical localization 315 of PPTs promoter (Knappe et al., 2003) . In all C4 species examined in this study, the 316 transcript abundance of PPT1 was consistently higher in MC than in BSC (Fig. 2 C) . In 317 contrast, PPT2 showed an inconsistent pattern in the two cell types (Fig. 3C) . 318
Taking together, along the evolution of C4 photosynthesis, PPT1 on one hand 319 increased its expression abundance in leaf; on the other hand, PPT1 shifted its site of 320 expression from dominantly in the BSC in C3 species to in MC in C4 species. 321
322
The changes in light responsiveness of PPT during evolution from C3 to C4 species 323 How did PPT1 gained increased transcript abundance in leaf MC compared to its C3 324 ancestral PPT1? Given that the leaf MC typically receives more light than BSC (Xiao et 325 al., 2016) , one possibility is that the C4 PPT1 might have acquired light-responsive cis-326 elements, which enables PPT1 to be more responsive to light induction. To test the 327 possibility, we first investigated the light responsiveness of the two PPT paralogs along 328 the C4 phylogeny. Specifically, we compared the transcript abundance of PPT1 and PPT2 329 in mature leaves after 0, 0.5h, 2h and 4h of illumination respectively. We quantified the 330 transcript abundance using qRT-PCR in four Flaveria species, representing C3 331 photosynthesis, F. robusta, type I C3-C4 species F. sonorensis, type II C3-C4 species F. 332 ramosissima and C4 species F. australasica (Fig. 3) (Sage et al., 2012) . Our results 333 demonstrate a gradual increase in the speed of changes of PPT1 transcript abundance to 334 light from C3 to C3-C4 intermediate to C4 species. Specifically, the transcript abundance 335 of PPT1 did not show a significant up-regulation (P<0.05, T-Test) until 4h after 336 illumination in the C3 F. robusta, whereas a significant up-regulation of PPT1 transcript 337 abundance was observed at 2h in C3-C4 species. In the C4 species, the transcript 338 abundance of PPT1 showed an up-regulation at 0.5 hour after illumination with a 339 marginal significant level (P=0.075, T-Test). 340
We further examined whether the patterns of the enhancement in transcript abundance 341 of PPT upon illumination changed along the evolution from C3 to C4 species. Type I C3-342 C4 species showed the maximal PPT1 transcript abundance at 2h after illumination, while 343 the transcript abundance of PPT1 in type II C3-C4 and C4 species kept increasing even 4h 344 after illumination (Fig. 3) . Interestingly, the light response of PPT2 showed an opposite 345 evolutionary pattern as compared to PPT1. Specifically, in the C3 F. robusta, PPT2 346 showed significantly higher transcript abundance than PPT1. An up-regulated expression 347 level of PPT2 in F. robusta was observed at 0.5h after illumination, and further 348 enhancement were observed till 2h. Nevertheless, in both C3-C4 species, the significantly 349 enhanced expression of PPT2 was not detected until 2h after given light. In contrast, the 350 transcript abundance of PPT2 showed no significant up-regulation in C4 species. 351
Therefore, along the evolutionary trajectory, PPT1 gained not only higher transcript 352 abundance in leaf, in particular in the MC, but also gained a more rapid and long-lasting 353 response to light illumination, while PPT2 gradually lost its light responsiveness. 354
One parsimonious explanation to the increased leaf MC transcript abundance and also 355 increased light responsiveness of PPT1 is that it may have recruited new light responsive 356 cis-elements or trans-factors. To test this possibility, we predicted cis-elements on 3k base 357 pairs (bp) upstream from the transcription start site of both PPT1 and PPT2 from four 358
Flaveria species, namely, F. robusta (C3), F. sonorensis (C3-C4), F. ramosissima (C3-C4) 359
and F. trinervia (C4), using the online tool Plantpan2.0 360 (http://plantpan2.itps.ncku.edu.tw/) with a score threshold of 0.9. We found that both 361 PPT1 and PPT2 recruited new cis-elements at the transition between C3 to C3-C4 stage, 362 e.g., CACTFTPPCA1: a MC specific cis-element detected in PEPC (Akyildiz et al., 363 2007; Gowik et al., 2004) ; CAATBOX1: a tissue specific enhancer (Muthamilarasan et 364 al., 2015) ; and GT1CONSENSUS (Shu et al., 2015) and IBOXCORE (Martinez-365 Hernandez et al., 2002) , light responsive cis-elements (Table 1, Supplemental file 2) . 366
Therefore, we hypothesize that the recruitment of new cis-elements may underlie the 367 observed changes in the expression abundance, expression location and its light 368 responsiveness. It is worth noting here that in PPT2, new cis-elements were also recruited 369 similarly even though PPT2 showed a different change with PPT1 in the responsiveness 370 to light during C4 evolution (Table 1 and Fig. 3) . 371 372
Amino acid changes in PPT during the evolution from C3 to C4 species 373
Besides changes in the expression patterns and transcript abundance, another factor 374 that contributes to gene neofunctionalization is accumulation of mutations supporting the 375 new function (Christin et al., 2013) . To test whether this is the case in PPT, we compared 376 amino acid sequence of PPT1 and PPT2 for 16 species in the genus Flaveria, covering 377 C3, C3-C4, C4-like and C4 species. The results show that, PPT1 has more consistent amino 378 acid modifications than PPT2 when the sequences between C4 and C3 species were 379 compared. The consistent amino acid modifications are defined as those amino acid 380 sequence which are consistent in C4 species but different with that in C3 species. 381
Specifically, amino acid sequence of PPT1 has 19 consistent amino acid modifications 382 between C3 and C4 species, while in contrast, PPT2 exhibits 8 consistent amino acid 383 modifications (Fig. 4) . Interestingly, in this analysis, PPT1 shows no signal of positive 384 selection in C4 species when compared to C3 species in the genus of Flaveria. PPT2 in 385 contrast shows a signal of positive selection in C4 species in the same genus; however, 386 none of the two predicted positive selected sites of PPT2 is neither C4 specific nor C4 387 consistent modifications (Fig. S1 ). Interestingly, PPT1 accumulated a large segment of 388 insertion which emerged at the common ancestor of C4-like and C4 species in Clade A. 389
The insertion segments had either four (F. pameri, F. bidentis, F. trinervia and F. 390 australasica) or five (F. vaginata and F. konchiana) repeats with each repeat comprising 391 13 amino acids, i.e., 13-aa element (Fig. S2) . And the number of 13-aa elements is 392 conserved at different development stage in those species (Fig. S2) . 393
394
PPT1 from C4 species is a bidirectional transport of PEP 395
The metabolic processes of C3 and C4 photosynthesis require change of the direction 396 of PEP transport between cytosol and chloroplast stroma. So far, there is no explicit study 397 on the direction of PEP transport in C4 species. We hypothesized that in C4 398 photosynthesis, the C4 version PEP transporter, i.e. PPT1, might specifically transfer PEP 399 from chloroplast to cytosol. It is possible that the extra insertion segment emerged during 400 C4 evolution might be related to this direction of transport. We tested this hypothesis with 401 a genetic approach by expressing Flaveria PPT1 in a C3 Arabidopsis PPT1 loss-of-402 function mutant cue1-5 (Li et al., 1995) . We predicted that a PPT1 importing PEP from 403 cytosol into chloroplast should rescue the phenotype cue1-5 mutant while a PPT1 404 exporting PEP from chloroplast to cytosol should not rescue this phenotype. We hence 405 generated C-terminal GFP fused PPT1 from four different Flaveria species, including one 406 C3 species F. cronquistii, two intermediate species F. ramosissima (C3-C4) and F. plameri 407 (C4-like), and one C4 species F. bidentis (C4), and expressed these PPT1-GFP driven by a 408 35S promoter in cue1-5 through a transgenic method (Fig. 5A) . The result shows that 409 PPT1 from all four species complemented the reticulate leaf phenotype and small rosette 410 size of cue1-5 ( Fig. 5B and 5C ). This data not only indicate PPT1 is functionally 411 conserved in these different Flaveria species and also Arabidopsis, but also suggest that 412 PPT1 from C4 Flaveria C4 can import PEP from cytosol into chloroplast as well. In 413 another word, our data suggest that C4 PPT1 is a bi-directional PEP transporter. 414
Even if this extra insertion segment has no influence on metabolite transport direction, 415 may it have other physiological functions? We explored this question by removing the 416 4x13-aa insertion in F. bidentis (C4) (ΔFbidPPT1 for short) and expressing it in cue1-5 417 Arabidopsis (Fig. 5A) . The transgenic plant ΔFbidPPT1/cue1 showed the same 418 phenotype as FbidPPT1/cue1 (Figs. 5B and 5C ), suggesting that the insertion does not 419 affect the PEP transport function of PPT1. It is likely therefore this extra insertion does 420 not influence the structure of this protein in thylakoid membrane. Indeed, protein 421 structure prediction using I-TASSER shows that the insertion site lies in the outer 422 membrane portion of FbidPPT1 (Fig. 5A) , which possibly does not influence the 423 structure of PPT1 in thylakoid membrane. We further checked whether the extra insertion 424 affects the subcellular location of PPT1 by using transient expression of benthamiana leaves. Both the FbidPPT1 and ΔFbidPPT1 were shown to localize in 426 chloroplast ( Figs. S3A and S3C ), suggesting the insertion has no impact on the 427 subcellular localization of PPT1 as well. Further experiments show that PPT1 and PPT2 428 from all four types of Flaveria species were localized to chloroplast (Fig. S3) . First, PPT1 transcript abundance was lower than PPT2 in C3 species, while in C4 species 433 its transcript abundance became much higher than PPT2. Secondly, its expression 434 location shifted from predominantly in roots in C3 plants to predominantly in leaves in C4 435 plants. Thirdly, it expressed preferably in BSC in C3 plants while preferably in MC C4 436 plants. Fourthly, it gained speedy and long-lasting responsiveness to light in C4 compared 437 to C3 plants. Fifthly, it accumulated many cis-elements and new amino acid modifications 438 during the evolution of C4 photosynthesis. In this session, we will briefly discuss these in 439 the context of C4 evolution. 440 441 Using a parsimonious solution: a recurring theme to solve incident challenges 442 during the C4 PPT1 evolution 443 A recurring theme during C4 evolution is the extensive re-utilization of pre-existing 444 components, including metabolic genes (Aubry et al., 2011) , cis-regulatory elements 445 Kajala et al., 2012) , signaling pathways (Burgess et al., 2016a) , and 446 anatomical features (Griffiths et al., 2013) . During the transition from C3 to C4 447 photosynthesis, usually the C3 ancestral copy of a gene acquired new cellular specificity 448 for its expression, altered its expression abundance and sometimes acquired new 449 sequence variations conferring adaptive advantage (Hibberd and Covshoff, 2010; Paulus 450 et al., 2013) . Here we show that during the evolution of C4 photosynthesis, C4 PPT1 451 altered its expression location from predominantly in root to leaf, and from BSC to MC, 452 furthermore, it greatly increased its transcript abundance and responsiveness to light 453 ( Figs. 2 and 3) . Meanwhile, PPT1 gained many new cis-elements at the promoter region 454 (3k bp upstream of the start codon). The function of these cis-elements ranges from 455 elements responsive to light (GT1CONSENSUS (Shu et al., 2015) ) to elements 456 controlling tissue specificity (CAATBOX1 (Muthamilarasan et al., 2015) ) and elements 457 controlling cell specificity (CACTFTPPCA1 (Akyildiz et al., 2007; Gowik et al., 2004) , 458 DOFCOREZM (Yanagisawa, 2000) ). Interestingly, all these cis-elements that were 459 predicted to be newly recruited into the promoter of PPT1 during C4 evolution were also 460 predicted to exist in promoters of other genes in the C4 shuttle (including NADP-ME, 461 PEPC, PEPC-k, PPDK and PPDK-RP), H and P subunit of Glycine decarboxylase 462 (Supplemental file 2). It is worth emphasizing here molecular experiments are needed to 463 study the functional significance of these cis-elements. 464
Interestingly, these different cis-elements were predicted to be in many C4 shuttle 465 genes in the C3-C4 type I intermediate species F. sonorensis (Table 1) , implying potential 466 adaptive advantage of gaining these elements simultaneously compared to an alternative 467 case where elements were recruited gradually. Notably, the cis-element ODFCOREZM 468 also resided in the promoters of PEPC (Gowik et al., 2004; Yanagisawa, 2000) and PPDK 469 (Table 1 , Supplemental file 2). This is probably not surprising given that the PPDK 470 catalyzes generation of PEP, while PEPC uses PEP as its substrate. Possessing a common 471 cis-element in PPT1, PEPC and PPDK enables coordinated expression of these different 472 proteins. It's worth emphasizing here that these potential cis-elements were identified 473 through sequence comparison, their roles in controlling the expression patterns of the 474 PPT1 need further experimental verifications. Interestingly, our analysis of the promoter 475 sequence suggest that PPT2 also acquired the same cis-elements as PPT1, however, PPT2 476 gained neither increased expression abundance, nor preferred leaf or MC expression in C4 477 species (Table 1, Figs. 2, 3) . 478
The direction of PEP transport between chloroplast and cytosol in MC should be 479 reversed between C3 and C4 photosynthesis theoretically. In C3 mesophyll cells, PEP 480 needs to be imported into chloroplast to provide intermediate for shikimate pathway, 481 however, PEP needs to be exported from chloroplast stroma to cytosol in C4 MC (Weber 482 and Linka, 2011) . Given this, we expect that the direction of PPT1 in the C4 species 483 might be changed from that in C3 species. However, our results show that PPT1 from C4 484 species fully complemented the leaf phenotype of a C3 Arabidopsis PPT1 loss-of-485 function mutant cue1-5 ( Fig. 5 ), suggesting that PPT1 is a bi-directional PEP transporter. 486
Having a bi-directional PPT1 transporter may enable plants have higher adaptability 487 since it would allow the metabolic system to adapt to different metabolic situations. 488
Again, this may be related to the tendency of plants to utilize the most parsimonious 489 solution to solve incident challenges. On one side, during the C4 photosynthesis, if the 490 concentration of PEP in chloroplast is not higher than that in cytosol, there will be no 491 metabolic demand for transport of PEP from chloroplast to cytosol; on the other side, 492 once a concentration gradient of PEP cross thylakoid membrane is established, there is no 493 demand for a uniporter of PEP. In another word, the bi-directionality of PPT1 is again 494 consistent with the principle of taking an easy route to acquire a new function for an 495 existing protein. 496
Less abundant PPT in ancestral C3: a metabolic pre-condition for C4 evolution? 498
According to the current theory of C4 evolution, the shift of expression location of 499 glycine decarboxylase (GDC) from MC to BSC may bridge the evolution from C3 to C4 500 photosynthesis (Mallmann et al., 2014) . The decarboxylation of glycine by GDC creates 501 nitrogen imbalance between BSC and MC, which necessitates the formation of nitrogen 502 balancing pathways (Mallmann et al., 2014) . Different pathways were proposed, among 503 which one has PPT1 involved and the direction of the PEP transport in this pathway is 504 from chloroplast to cytosol; this is the pathway which can later be optimized to evolve C4 505 photosynthetic pathway (Mallmann et al., 2014) . Considering that this hypothetical 506 ancestral pathway needs PEP export from chloroplast to cytosol, which is in contrast to 507 the direction of PEP transport in a typical C3 plant, we hypothesize that C3 plants which 508 have relatively less capacity or demand for import of PEP from cytosol to chloroplast 509 might be easier to adapt its metabolism to a new metabolic state. 510
Consistent with this hypothesis, the C3 species in genera shown in Fig. 2A , which 511 represent genera with higher propensity of evolving C4, showed lower total PPT 512 transcript abundance as compared to that in Arabidopsis, which is in the Brassica genus 513 with no recorded C4 species (Fig. 2) . Furthermore, our earlier study shows that the 514 expression patterns of PPT1 and PPT2 differ between C3 species from genera that with 515 abundant C4 species (C4-rich C3 species) and C3 species from genera with bare C4 species 516 (C4-poor C3 species) (Tao et al., 2016) . Specifically, PPT2 showed higher transcript 517 abundance than PPT1 in C4-poor C3 species while the scenario is reverse in C4-rich C3 518 species. Moreover, C4-rich C3 species have lower total transcript abundance of PPT than 519 C4-poor C3 species (P <0.05, T-Test) (Fig. S4 ). This observation suggests that the 520 evolution of C4 photosynthetic metabolism might, to certain degree, be connected to the 521 changes in the PEP metabolism, i.e. the production, transport and consumption of PEP in 522 C3 species. Having overall lower PPT transport but relatively higher PPT1 expression 523 might be a metabolic pre-condition for evolution of C4 photosynthetic metabolism. More 524 data of PPT transcript abundance in additional C4-rich C3 species and C4-poor C3 species 525 are needs to further test this hypothesis. 526
Is there a physiological basis for a linkage between PPT abundance and the 527 evolvability of C4 photosynthesis? PEP is a starting substrate used in the shikimate 528 pathway. The shikimate pathway produces chorismite, which is the basis for a large array 529 of secondary metabolites, including alkaloids, flavonoids, and lignin; many of these are 530 important players in plant defense mechanisms and stress responses (Herrmann, 1995; 531 Iriti and Faoro, 2009) . Having higher PPT activity may enable plants to produce higher 532 amount of secondary metabolites, hence conferring plants with enhanced tolerance to 533 stresses. From this perspective, C3 plants with higher PPT activity may have increased 534 stress tolerance and experienced less evolutionary pressure to evolve C4 under severe 535 stresses. In another word, evolving a C4 mechanism may be only one of potential 536 solutions plants use to cope with stress conditions promoting evolution of C4 537 photosynthesis, such as drought, salinity stress, and high temperature stress etc. (Osborne 538 and Freckleton, 2009; Sage, 2003) . This notion is consistent with the common 539 observation that even in extremely arid conditions, such as desert, C4 and C3 plants co-540 exist (Li et al., 2018; Su et al., 2012) demonstrating the natural diversity of options to 541 cope with the arid stress. 542
543
Changes in the amino acid sequences in PPT1 during the evolution from C3 to C4 544 photosynthesis 545
Besides having much higher transcript abundance, expression patterns and 546 responsiveness to light, PPT1 also gained many amino acid modifications during its 547 transition to C4 version (Fig. 4 ). PPT1 has more amino acid modifications during the 548 evolution than PPT2, but none of these modifications showed positive selection signal in 549 C4 species. This is consistent with the situation for other genes, such as PEPC, PPDK, 550
and NAD-ME reported in our earlier study (Lyu et al., 2018) . Interestingly, PPT2 though 551 showed positive selection in Flaveria C4 species compared to C3 Flaveria species, but it 552 does not show positive selection in C4 grass species compared to C3 grass species (Huang 553 et al., 2017) , suggesting that PPT2 in different plant lineages might have experienced 554 different evolutionary trajectories. 555
In addition to the individual single amino acid changes, our results also show a four or 556 five 13-aa elements insertion in PPT1 of C4-like and C4 Flaveria species in the clade A 557 from the phylogenetic tree (Fig. 4) . This extra insertion neither influences the location of 558 expression of PPT1 (Fig. 4) , nor the capacity of PPT1 to complement the phenotype of 559 Arabidopsis cue1-5 mutant (Fig. 5 ). Furthermore, we did not find this insertion in PPTs 560 from other species (Fig. S5) . The potential physiological significance of this insertion still 561 needs to be explored, if there is any. Here the lack of physiological role of the identified 562 insertion of these 13-aa units into PPT1 during C4 evolution highlights the need of 563 molecular experiments to confirm any conclusion derived from sequence analysis. 564
Supplementary data:
Supplemental file 1: supplemental figures and tables Figure S1 . Two amino acid showing signal of positive selection of PPT2 in C4 species Figure S2 . The insertion of 13aa-element in C4-like and C4 PPT1 Figure S3 . Subcellular localization of PPT1 and PPT2 in Flaveria species Figure S4 . The transcript abundance of PPT in C3 species from C4 poor and C4 rich genera Figure S5 . The 13-aa-element insertion is not universal. Table S1 . Abbreviations of species used in this study Table S2 . Primers used in this study Supplemental file 2: predicted cis-elements of PPT and other genes from the promoter sequence. In MC, PEP is used as substrate for PEPC catalyzed carboxylation (blue lines). It is also a substrate of Shikimate Pathway (SP) in chloroplast, which is expected to exist in both MC and BSC (purple lines); moreover, PEP is a substrate for citrate pathway in mitochondrion (red lines) and glycolysis in cytosol (black lines). PEP is also involved in nitrogen recycle from xylem (orange lines). (B) The gene tree of PPT family genes from 23 representative species of Viridiplantae. The tree was inferred from the alignment of protein sequence of PPT based on maximum likelihood method. The numbers besides each node are the bootstrap scores from 1000 bootstrap sampling. (C) Schematic depiction of the evolution of PPT1 and PPT2 based on phylogenetic relationship of species. PPT1 has one or two copies in eudicot species and two or three copies in monocot species. Red circles represent PPT1 and blue circles represent PPT2, large circles strand for original copy and smaller circles stand for duplicated copies after the division of monocot and dicot. The phylogenetic relationship of species was inferred from the Phytozome website. (Abbreviations: MC: mesophyll cell; BSC, bundle sheath cell; SP, shikimate pathway, PCR: photosynthetic carbon reduction, GC: glycolysis cycle.) qRT-PCR was used to quantify the transcript abundance of PPT1 and PPT2 in mature leaves after 0h, 0.5h, 2h and 4h after illumination. Significance levels represent the significance of the difference between the transcript abundance at a time point compared to that at the proceeding time point. (T-Test; *: 0.05~0.01, **: 0.01~0.001, ***: <0.001).
Figure legends
Figure 4. The evolution of PPT1 and PPT2 protein sequences in the genus Flaveria
Amino acid changes of PPT1 and PPT2 comparing C4 to C3 species are showed on the trace of the phylogeny. Transcript abundance calculated as FPKM was displayed on the right with red bars. Numbers below amino acids are the aligned locations. Symbols "-" presenting alignment gap. PPT1 (406 amino acid in F. cronquistii) showed more frequently amino acid changes than PPT2 (417 amino acid in F. cronquistii). An insertion composed of four or five 13-aa elements occurred at the ancestral node "N7" (marked in red) on the phylogenetic tree. The sequence of the 13-aa segment is variant AAA(P)SVPDS(K)AD(Y)GGY(D) at four sites. The insertion was predicted to be located at the non-membrane-portion. (B) and (C) Arabidopsis cue1-5 shows reticulate leaf phenotype and decreased rosette size. PPT1 from different types of photosynthetic Flaveria species rescued the phenotype of Arabidopsis cue1-5. Besides, PPT1 from F. bidentis without the insertion (ΔC4) also recovers the phenotype of the Arabidopsis cue1-5. (Abbreviations: Fcro, F. cronquistii, Fram: F. ramosissima, Fpal: F. palmeri, Fbid: F. bidentis.)
